Abstract. Ground based GPS zenith path delay (ZPD) measurements are well established as a powerful tool for integrated water vapor (IWV) observation. The International GNSS Service (IGS) provides ZPD data of currently more than 300 globally distributed GPS stations. To derive IWV from these data, meteorological information (ground pressure and mean temperature above the station) are needed. Only a limited number of IGS stations is equipped with meteorological ground sensors up to now. Thus, meteorological data for IWV conversion are usually derived from nearby ground meteorological observations (ground pressure) and meteorological analyses (mean temperature). In this paper we demonstrate for the first time the applicability of ground pressure data from ECMWF meteorological analysis fields in this context. Beside simplified data handling (no single station data and quality control) this approach allows for IWV derivation if nearby meteorological stations are not available. Using ECMWF ground pressure and mean temperature data the new IGS 5-min ZPD data set has been converted to IWV for the first time. We present initial results from selected stations with ground meteorological sensors including pressure and temperature comparisons between ECMWF and local measurements. The GPS IWV is generally validated by comparison with ECMWF IWV. The ECMWF derived station meteorological data are compared with local measurements at all accordingly equipped stations. Based on this comparison, the mean error (in terms of standard deviation) introduced by time interpolation of the 6-hourly ECMWF data is estimated below 0.2 mm IWV.
Introduction
Water vapor plays a key role in the Earth's atmosphere system. It significantly influences the hydrological cycle (water transport, clouds, precipitation) and transports large amounts of latent heat energy. Due to its radiational properties and global appearance water vapor represents the most important greenhouse gas. Thus, precise knowledge of spatial and temporal water vapor distribution is important in meteorology for both, numerical weather prediction and climatological studies. In particular global long-term water vapor data sets are essential for understanding and modeling of the climate system. In this context especially quantification of water vapor feedback in climate change is of particular importance (e.g., Hall and Manabe, 1999) . Considering the high temporal and spacial variability of water vapor, the conventional global observing systems (i.e. radiosondes and satellite observations) are not suited to provide sufficient information. Furthermore, radiosonde data suffer from deficient long-term stability related with changes in instrumentation, calibration and data analysis (e.g., Zhai and Eskridge, 1996) . Thus, additional water vapor data from new observation techniques are highly desirable to achieve adequate observation coverage, accuracy and long-term stability.
Crossing the atmosphere, Global Positioning System (GPS) signals experience a propagation delay depending on constitution of the ionosphere (electron density) and neutral atmosphere (pressure, temperature, water vapor) . The neutral atmosphere related zenith path delay (ZPD) above each GPS ground station is a standard product of routine GPS data processing and the humidity induced part of ZPD provides a valuable source of vertically integrated water vapor (IWV) information (e.g., Bevis et al., 1992; Rocken et al., 1993; Bevis et al., 1994; Businger et al., 1996) . The GPSbased IWV observation technique is characterized by several advantages in comparison to the traditional observing systems: independence on sensor calibrations and therefore long-term stability, all-weather capability, high accuracy and low cost. Several validation studies show well agreement between IWV from GPS and other observing systems like radiometers or radiosondes (e.g., Rocken et al., 1993; Tregoning et al., 1998; Deblonde et al., 2005; Wang et al., 2007) . Thus, GPS IWV is used in several applications like numerical weather prediction (e.g., Gendt et al., 2004; Gutman et al., 2004; Vedel et al., 2004; Guerova et al., 2006) , validation of IWV results from other sensors (e.g., Li et al., 2003; Van Baelen et al., 2005) and first climatological investigations (e.g., Gradinarsky et al., 2002; Nilsson and Elgered, 2008) .
Based on its global network observations (currently more than 300 stations), the International GNSS (Global Navigation Satellite System) Service (IGS, Beutler et al., 1999) provides 2-hourly measurements of ZPD from February 1997 until the end of 2006 and a new 5-min ZPD data set starting from October 2000. While there are numerous investigations using GPS IWV on a regional scale, only one study describing a long-term IWV data set from the global 2-hourly IGS ZPD product is published up to now (Wang et al., 2007) . In this paper we present initial results of IWV derivation from the 5-min IGS ZPD data set. Except for the slightly shorter time interval this new IGS product is superior to the 2-hourly data set in several aspects including long-term stability, accuracy and number of stations (Byun et al., 2005) . Derivation of IWV from ZPD data requires pressure and temperature information at the station (Bevis et al., 1992) . Numerous IGS stations are not equipped with meteorological sensors. Thus, meteorological data for IWV conversion have to be interpolated from nearby meteorological stations or analysis fields of numerical weather prediction (NWP) models. While NWP analysis fields are widely used to derive the temperature information (e.g., Wang et al., 2005) , their accuracy concerning ground pressure data is under discussion (e.g., Hagemann et al., 2003; Nilsson and Elgered, 2008) . Hence, in most studies pressure data are interpolated from nearby meteorological stations (e.g., Hagemann et al., 2003; Wang et al., 2007) . Nilsson and Elgered (2008) applied pressure estimates from a regional model of the Swedish Meteorological and Hydrological Institute (SMHI). In this paper we demonstrate for the first time the applicability of ground pressure data from global meteorological analysis fields from the European Centre for Medium-Range Weather Forecasts (ECMWF) in this context. Beside simplified data handling (no single station data and quality control) this approach allows for IWV derivation if nearby meteorological stations are not available. We compare the ECMWF-derived station meteorological data with local measurements at all accordingly equipped IGS stations. This allows for accuracy estimation also regarding temporal interpolation between the 6-hourly ECMWF analysis fields. The GPS IWV is generally validated by comparison with ECMWF IWV at analysis times.
Data analysis
The common analysis procedure to derive IWV from ZPD is described in several publications (e.g., Bevis et al., 1992 Bevis et al., , 1994 Hagemann et al., 2003; Wang et al., 2007) . Thus, we give only a brief overview here. As shown in Eq. (1), ZPD consists of the zenith hydrostatic delay (ZHD) and the zenith wet delay (ZWD), which yields the water vapor information.
Assuming hydrostatic equilibrium, the ZHD can be calculated as a function of the surface pressure P s (at GPS antenna height). Here we follow the IERS Conventions (2003) with the formula of Saastamoinen (1972) as given by Davis et al. (1985) ZHD = (2.2768 ± 0.0005
with ZHD in mm and P s in hPa. The term
accounts for the dependence of gravity acceleration from latitude φ and surface height above the ellipsoid H (in kilometers). The ratio between IWV and ZWD is given by a conversion factor
which depends on the water vapor weighted atmospheric mean temperature T m .
Here ρ H 2 O denotes the density of liquid water (10 3 kg m −3 ) and R v the specific gas constant of water vapor (461.5 J kg −1 K −1 ). Following Bevis et al. (1994) the two constants are c 1 = (3.739 ± 0.012)10 5 K 2 hPa −1 and c 2 = (22.1 ± 2.2) K hPa −1 .
The water vapor weighted mean temperature is defined as
and can be calculated from vertical profiles of water vapor pressure P v and temperature T , usually derived from NWP analysis fields (e.g., Wang et al., 2005) . Assuming a linear relation with surface temperature it is also possible to approximate T m from station temperature observations T s (Bevis et al., 1992) . But this approach suffers from systematic T m overestimation at mid and high latitudes (up to 5 K) and underestimation at low latitudes (up to 6 K) (Wang et al., 2005) . Nevertheless, GPS IWV is rather robust against T m uncertainties. While a P s variation of 1 hPa corresponds to about 0.35 mm IWV, a T m uncertainty of 5 K is related to 1.7-2.0% in IWV (Hagemann et al., 2003) . In this study both P s and T m are extracted from ECMWF global analysis fields which provide a horizontal resolution of about 50 km. For horizontal interpolation to station position (according to ZPD file header information) the ECMWF interpolation library (EMOSLIB, www.ecmwf.int) is used. All ECMWF data are linearly interpolated according to time of ZPD observation between the 6-hourly analysis fields. The ECMWF model covers 60 (91 since February 2006) vertical levels from near surface up to 0.1 hPa. Applying Eq. (6) T m is calculated as a fraction of two sums according to the ECMWF layers starting from station altitude upwards. Since ECMWF level altitude refers to geoid surface (and geopotential respectively), geoid altitude of the IGS stations is needed for vertical assignment and interpolation of the ECMWF data. Especially the GPS IWV sensitivity to station pressure inaccuracies necessitates accurate station altitudes above geoid surface. In this study ellipsoidal coordinates are calculated from the cartesian IGS station position given in the header section of each ZPD file. In a second step the station geoid altitude is derived using geoid undulation data from the EGM96 geoid model (Lemoine et al., 1998) . For vertical interpolation one has to distinguish between two cases: If station altitude is above the lowest ECMWF level temperature and specific humidity (for ECMWF IWV integration) are linearly, and pressure is logarithmically interpolated. If station altitude is below the lowest ECMWF level, temperature is extrapolated using the mean temperature gradient of the three lowest ECMWF layers. Pressure is calculated by stepwise application (20 m steps) of the barometric height formula and specific humidity for IWV integration is estimated in parallel, assuming that the mean relative humidity of the two lowest ECMWF levels is representative for the atmosphere below. For subsequent validation ECMWF specific humidity is integrated to IWV according to each GPS IWV observation, starting from station altitude upwards. Generally all IGS ZPD data can be converted to IWV. However, significant errors in P s and T m estimation may arise if station altitude is far beneath the lowest ECMWF level in mountain regions. Thus, in the following sections only stations with less than 500 m difference between lowest ECMWF level and station altitude are considered. This concerns about 85% of all IGS stations.
Selected station results
In the following we present GPS IWV results of three representatively selected stations from mid latitudes (Potsdam), tropics (Cocos) and polar regions (Davis) meteorological sensors to enable pressure and temperature comparisons between ECMWF and local measurements. Despite the known reliability limitations of the IGS surface meteorological data (e.g., Byun et al., 2005; Wang et al., 2007) , these comparisons allow for accuracy estimation of the spatially and temporally interpolated ECMWF data P s and T m used for IWV conversion. To exclude outliers in P s and T s station sensor data from the comparison a rough but from our experience effective threshold (10 hPa or K, respectively) concerning the deviation from corresponding ECMWF data was applied. It should be noted that for consistency reasons T m comparisons (Figs. 1 and 3d) refer to mean temperature estimations from both ECMWF and locally measured T s data applying Eq. (7). Due to the already mentioned limitations of this approach, the T m comparisons give only a rough idea on the accuracy of the T m data derived from ECMWF vertical profiles which are actually used for IWV conversion. While GPS and ECMWF IWV (Figs. 1-3 a and b) is compared only at ECMWF analysis times (00:00, 06:00, 12:00, 18:00 UT) to ensure highest ECMWF IWV quality, the P s and T m comparisons between ECMWF and local measurements (Figs. 1 and 3 c-d, Fig. 2c ) refer only to times between the ECMWF analyses (03:00, 09:00, 15:00, 21:00 UT) for a worst case estimation. Regarding the P s and T m comparisons at ECMWF analysis times (not shown here) this allows for estimation of uncertainties related to temporal interpolation between the 6-hourly ECMWF analysis fields.
The 2007 results for Potsdam (52.38 • N/13.07 • E, station altitude 104.2 m, lowest ECMWF level altitude 55.9 m) are shown in Fig. 1 . Panel (a) reveals the typical seasonal IWV behavior with peak values above 40 mm in summer and rather dry conditions partly below 5 mm in winter. GPS IWV agrees well with ECMWF through the entire year indicating high quality of both GPS and ECMWF IWV. The mean deviation (bias) is −0.52 mm with a standard deviation of 1.34 mm (panel b). The P s and T m comparisons (panels c and d) show well agreement between local measurements and interpolated ECMWF data at times between the ECMWF analyses. Standard deviations/biases are 0.57/1.62 hPa and 1.27/0.19 K for P s and T m , respectively. The rather high pressure bias between ECMWF and local measurements is probably related to deficient pressure sensor calibration (see also Byun et al., 2005) . The corresponding comparisons at ECMWF times (not shown) give nearly identical bias values with slightly smaller standard deviations (0.25 hPa and 0.99 K). Assuming that the temporal interpolation error is independent of the errors in ECMWF and local measurements, the interpolation related standard deviation can be estimated from the difference of the variances observed between and at ECMWF times. Considering the relations between P s , T m and IWV variations (section data analysis), the small increase in P s and T m standard deviations corresponds to an interpolation related IWV standard deviation of about 0.2 mm.
Corresponding to Fig. 1 nearly 70 mm with a small minimum in southern hemispheric spring. The comparison between GPS and ECMWF IWV shows nearly no bias but a standard deviation of about 3 mm. This is probably related to ZPD inaccuracies resulting from high ionospheric activity (crest region) in low latitudes. But also the horizontal and temporal resolution or assimilated humidity data of the ECMWF analyses may be not sufficient to represent the high IWV variability. Nevertheless, considering the standard deviations with respect to the mean IWV conditions Cocos and Potsdam are about in the same range. In order to determine if the large standard deviation is related to the ionosphere, mean standard deviations between GPS and ECMWF IWV at high (year 2001) and low (2007) solar/ionospheric activity have been calculated. While the global comparison (similar to Fig. 4 , not shown here) indicates a mean standard deviation of about 2.5 mm IWV for 2001, only about 2 mm are observed for 2007. Considering only equatorial stations, the difference between high and low ionospheric activity is even more pronounced (about 4 mm and 3.1 mm IWV standard deviation, respectively). Assuming that the ECMWF IWV precision is independent from solar cycle this indicates ionospheric dependence of the GPS IWV accuracy. The P s comparison (panel c) displays a clear limitation of the temporal pressure interpolation between the 6-hourly ECMWF analysis fields. While there is nearly no bias, a standard deviation of 1.21 hPa is observed in connection with a systematic over-or underestimation of the local measurements by the ECMWF-derived P s data. The corresponding P s comparison at ECMWF times (not shown) gives a significant smaller standard deviation (0.31 hPa) and no sign for systematic over-or underestimation. This effect can easily be explained regarding the mean diurnal pressure behavior at Cocos station (panel d). The well-known double wave structure of the pressure diurnal cycle with maxima in the morning and late evening hours and minima in the afternoon and late night time is mostly pronounced in tropical regions due to the absence of low-and high pressure systems which dominate the pressure diurnal cycle outside the tropics (e.g., the range in the mean diurnal cycle for Potsdam is below 1 hPa). The local time situation of Cocos makes it impossible to resolve the pressure diurnal cycle from the 6-hourly ECMWF fields resulting in systematic overestimation of the minima and underestimation of the maxima. This should be considered especially in applications of the here presented IWV data set for humidity diurnal cycle investigations.
The 2007 results for Davis (68.58 • S/77.97 • E, station altitude 26.9 m, lowest ECMWF level altitude 69.2 m) are given in Fig. 3 . Panel (a) shows the well-known dry conditions of the southern polar region with IWV values below 10 mm nearly throughout the whole year and a minimum in southern hemispheric winter. It is interesting to note that there is well agreement between ECMWF and GPS IWV in winter while ECMWF is significantly lower than GPS especially in autumn but also in spring and summer. A similar behavior of the GPS-ECMWF IWV difference is also observed for the other antarctic stations. This gives some evidence that except for the winter season ECMWF undervalues humidity in the southern polar region, mostly pronounced in autumn (see also Fig. 5 for mean bias) . As Fig. 3b shows, 
Overall comparisons
In this section a general view on the GPS IWV results in comparison to ECMWF is given. Furthermore, P s and T m comparisons between local measurements and interpolated ECMWF data are presented for all accordingly equipped stations. Similar to the single station results in previous section IWV (Figs. 4 and 5) is compared only at ECMWF analysis times to ensure highest ECMWF IWV quality while P s and T m comparisons (Figs. 6 and 7) refer to times between the ECMWF analyses to estimate maximum standard deviations. Also the outlier criterion for local P s and T s measurements (maximum deviation form interpolated ECMWF data of 10 hPa or K, respectively) is applied. of 3.12 mm is observed for the tropical station FORT. This is in the range reported by Hagemann et al. (2003) for some suspicious stations. Figure 5 reveals hemispheric symmetry of the mean zonal bias for mid and low latitudes with a maximum near the equator. As already discussed in previous section, a mean bias of about 1.2 mm is observed for the southern polar region. It is generally difficult to identify whether the IWV bias is related to ECMWF or GPS (including ZPD, P s and T m data). However, the altitude difference between lowest ECMWF level and GPS antenna is below 200 m for the three mentioned stations making a problem in vertical pressure or humidity extrapolation improbable. The standard deviations shown in Fig. 4b also reveal well agreement between GPS and ECMWF IWV for most of the stations especially in mid and high latitudes. However, tropical stations generally exhibit higher standard deviations. The latitudinal dependence of the standard deviation is also clearly visible in Fig. 5 . As already mentioned for Cocos station this is probably related to the ionospheric active regions around the equator but may also result from limitations of the ECMWF analyses to represent the high spatial and temporal IWV variability in humid regions. The overall mean standard deviation is 2.26 mm where most of the midlatitude stations are around 1.5 mm and high latitude stations below 1 mm (Fig. 5) . A standard deviation of more than 4 mm is observed for six stations with a maximum of 4.36 mm for the Indonesian station BAKO. Also here deficiencies in vertical pressure or humidity extrapolation are unlikely since five of these stations show an altitude difference of less than 200 m between lowest ECMWF level and GPS antenna. In general the observed GPS-ECMWF IWV standard deviation is consistent with previous GPS IWV validation studies (less than 3 mm) (e.g., Li et al., 2003; Hagemann et al., 2003; Deblonde et al., 2005; Wang et al., 2007 ). The P s comparisons between local measurements at 83 stations and interpolated ECMWF (at 03:00, 09:00, 15:00, 21:00 UT) data are shown in Fig. 6 . Since we observed significant quality improvement (primary reduced standard deviations with respect to ECMWF) of IGS pressure data for several (especially Canadian) stations in 2006, these comparisons are confined to 2007 data. Figure 6 reveals well P s agreement for numerous stations. While the overall mean bias (panel a) is zero there are 12 stations exceeding ±2 hPa. The maximum bias (7.4 hPa) probably related to missing ground sensor calibration is observed for station SVTL. Nevertheless, the results of a similar surface pressure comparison by Hagemann et al. (2003) for about 40 IGS stations in 2000/2001 (where most of the stations showed biases of more than 3 hPa) can not be confirmed. Considering the already mentioned reliability limitations of IGS surface meteorological data (especially regarding calibration) we find from the bias results no general impropriety of ECMWF P s data for ZPD to IWV conversion. The overall mean standard deviation between ECMWF and locally measured P s is 0.88 hPa (panel b) while corresponding comparisons at ECMWF times (not shown) give an slightly smaller value of 0.75 hPa (and the same mean bias). The small increase in P s mean standard deviation corresponds to a temporal interpolation related IWV standard deviation of about 0.16 mm. Thus, for most of the stations the IWV uncertainty related with temporal interpolation of ECMWF pressure data is negligible small in comparison to the expectable IWV accuracy (standard deviations from validation studies). However, the maximum interpolation related increase in P s standard deviation is nearly 1 hPa for the tropical station MSKU. The reason for this large interpolation error has already been discussed in previous section for station Cocos. MSKU (13.55 • E) shows nearly the same local time situation with respect to the ECMWF analysis times and the ground pressure diurnal cycle (even though derived from only 12 days of applicable data in 2007) is also similar but even more pronounced than for Cocos. It should also be noted that the average standard deviation between P s from ECMWF and local meteorological data is well below the 1.65 hPa RMS difference reported by Wang et al. (2007) for comparison of P s interpolated from nearby surface synoptic observations with local measurements at 48 GPS sites. This indicates that P s derivation from nearby synoptic stations is in general not superior to the application of ECMWF analysis data.
The T m comparisons corresponding to Fig. 6 for P s are shown in Fig. 7 . As already mentioned in previous section for consistency reasons Fig. 7 refers to mean temperature estimations from both ECMWF and locally measured T s data applying Eq. (7). As seen from panel (a) most of the 82 stations show no significant bias between local measurement and ECMWF, the overall mean bias is 0.22 K. Only 8 stations exceed a bias of ±3 K, the maximum bias is observed for station THU3 (Greenland) with 8.25 K. Figure 7b reveals an overall mean standard deviation of 2.16 K, 10 stations exceed 3 K here. The maximum standard deviation is found for station ORID (5.22 K). The T m comparisons at ECMWF times (not shown) come to nearly the same mean bias (0.16 K) and standard deviation (2.21 K). Also the maximum temporal interpolation related increase in T m standard deviation is only 0.66 K (station KIT3). From these results IWV uncertainty related with temporal interpolation of ECMWF temperature data appears negligible.
Conclusions
Global ECMWF analysis data have been applied to convert the 5-min IGS ZPD dataset to IWV. A comparison of IWV from GPS and ECMWF shows well agreement for most GPS stations. Larger discrepancies in this comparison can easily be used to identify suspicious stations in GPS IWV data. Such significant deviations especially occur in mountain regions due to altitude extrapolation errors but can also be related to errors in station altitude or insufficient horizontal model resolution in presence of climate or weather boundaries. The comparison of measurements from IGS station surface meteorology sensors with corresponding ECMWFderived data indicates reasonable agreement for most stations. In order to apply station meteorology data for a reliable IWV conversion, ECMWF data can effectively be used to identify outliers in these local measurements. The uncertainty in GPS IWV related with temporal interpolation between the 6-hourly ECMWF analysis fields has been estimated by comparison of ECMWF-derived data with station sensor measurements at times of ECMWF analyses and three hours displaced from these times. Considering the increase in pressure and mean temperature standard deviations, the mean uncertainty introduced by time interpolation is estimated below 0.2 mm. Nevertheless, temporal station pressure interpolation may result in up to 0.5 mm IWV uncertainty (in terms of standard deviation) if a pronounced ground pressure diurnal cycle is present (especially observed in the tropics) and the ECMWF analyses do not represent this cycle due to local time situation of the station.
